Introduction
The Fermilab's Recycler ring will employ an electron cooler to cool stored 8.9 GeV antiprotons [1] . The cooler is based on an electrostatic accelerator, Pelletron [2] , working in an energy-recovery regime. A full-scale prototype of the cooler has been assembled and commissioned in a separate building [3] . The main goal of the experiments with the prototype was to demonstrate stable operation with a 3.5 MeV, 0.5 A DC electron beam while preserving a high beam quality in the cooling section. The quality is characterized, first of all, by a spread of electron velocities in the cooling section, which may be significantly affected by mechanical vibration of the Pelletron elements. This paper describes the results of vibration measurements in the Pelletron terminal and correlates them with the beam motion in the cooling section.
Setup description
Some parameters of the electron cooling setup are listed in Tab. 1, and its mechanical schematic is shown in Fig. 1 . The electron beam is generated by an electron gun and is accelerated in an acceleration tube of the Pelletron to the full energy. After passing through a transfer line, the beam is bent by 90°, and then it enters an 18 m long solenoid, a prototype of the cooling section. A 180° bend downstream of the cooling section sends electrons through a return line toward the Pelletron, where the beam is decelerated in the second Pelletron tube and is absorbed in a collector at the kinetic energy of 3-5 keV. The mechanical schematic of the Pelletron is shown in Fig. 2 and 3 . The main parts of the Pelletron are a tank filled with an insulating gas and a column, where two metal-ceramic acceleration tubes are mounted. Typical working pressure of the SF 6 insulating gas was 70 psi (5.8 bars of absolute pressure).
The column consists of several hollow aluminum disks called separation boxes, joined by six cylindrical supports (posts). In the area of acceleration, each post is a sandwich of bonded ceramic and metal discs. Hoops with a diameter equal to the outside diameter of the separation boxes (~1.8 m) are mounted from the discs for electrostatic shielding. Mechanical vibrations of the Pelletron parts are caused primarily by motion of the Pelletron charging chains and an insulated generator shaft (Fig. 4) . The two Pelletron chains consist of aluminum cylinders, pellets, connected by insulating plastic joints. The chains run around sheaves near the tank bottom, where the sheaves are rotated by the chain motor, and at the terminal, where the charge from the pellets couples to the terminal. Fig. 4 . Photo of the terminal separation box. The chain, shaft, and generator are shown.
Shaft Chain
The generator shaft is a plastic rod that is used to power equipment in the separation boxes. At the tank bottom, the shaft is rotated by the shaft motor. At each separation box, the shaft is connected by a belt drive to a generator. At the top it drives two generators for the terminal and the HV deck electronics, while also running an SF6 heat exchanger for cooling the collector.
Some characteristics of the shaft and the chain are listed in the Tab. 2. Mechanical motion of the column elements may result in two effects: a beam motion and an increase of the energy spread. If the gun or focusing elements move, the beam changes its position in the beam line. The most sensitive motion seems to be at the top of the column, where the gun, the gun lens creating a cathode magnetic field, and the gun solenoid provides initial beam focusing and transport to the acceleration tube (Figs. 5 and 6). Fig. 5 . Electron gun at the terminal. 1-terminal separation box, 2-gun solenoid, 3-gun lens, 4-gun flange, 5-gun ion pump, 6-cathode with a control electrode, 7-terminal shell, 8-threaded rods fixing the gun lens and the gun assemble in radial direction, 9-anode flange. In the vertical direction the gun assembly and the gun lens are supported by the acceleration tube, which is not shown here. The change in capacitance from small motions δL of the terminal is a second order effect,
where R t is the radius of the terminal shell. The coefficient is ~1 and is determined by the geometry. For an estimation, replacing the terminal and the surrounding tank by spheres with corresponding radii, the coefficient is 0.4. Therefore, even for shifts ~0.1 mm the resulting relative changes in the terminal voltage are below 10 -8 , and the effect is negligibly small.
A noticeable effect of a mechanical motion is on the voltage regulation system. The voltage is stabilized by a feedback system based on signals from a generating voltmeter (GVM) and from two capacitive pickups (or, following NEC's terminology, "pick-outs", labeled CPOs). Their vertical location is shown in Fig. 2 . These devices do not measure the voltage but the electric field E on the tank surface. For a simple model of a linear dependence of the field on the distance L between the shell and the tank wall, the CPO signal can be expressed as follows:
where the coefficient k is determined by geometrical factors and by the CPO circuitry. For an individual CPO, k was calibrated to be 2·10 -3 . The tolerable level of potential variations is, δU/U ~ 1⋅10 -4 , thus for L = 890 mm, δL ~ 0.09 mm. Therefore, a mechanical motion of the terminal shell with amplitude of tens of microns may contribute to the energy stability. Effects mentioned above will be discussed in the following sections.
Diagnostics
This paper discusses measurements of three different groups of parameters that may be interconnected by mechanical motion of the Pelletron: mechanical vibrations measured by mechanical sensors with the Pelletron tank open, CPO signals, and beam oscillations. The mechanical vibration data were taken for several combinations of the shaft and chain motors being off or on. Displacements of the elements were measured by three types of sensors.
Direct diagnostics of displacements of the Pelletron elements
Rough measurements caused by the revolving shaft were done with a piezo vibration meter, Columbia Research Lab -VM-103, operating in the "displacement" mode. The meter measures an rms value of a displacement in the bandwidth of 8-1200 Hz.
Measurements of the Pelletron vibrations with velocimeters
Vibrations of the upper separation box of the Pelletron, caused by the revolving shaft, were studied with two velocimeters of SM-3KV type. Sensors of these devices are mechanical pendulums sensitive to either horizontal or vertical oscillations. Both velocimeters were installed on the upper separation box (terminal). The velocimeters use electronic feedback to linearize and approximately equalize the sensitivities throughout the bandwidth of 0.05-100 Hz. The pendulum's free oscillation period is ~1-3 sec. Velocimeters sensitivity with an additional attenuation of 10 is shown in Fig.7 .
The velocimeters require a large flat surface to be installed, and in the case of Pelletron vibration, their high sensitivity leads to saturation of the amplifiers. To avoid the saturation we were forced to decrease the bandwidth of the amplifiers using the frequency cutoff by the measurements. This limited the use of the velocimeters to a qualitative verification of geophone measurements. 
Measurements of the Pelletron vibrations with geophones
The major portion of the Pelletron vibration measurements were done with a compact module containing three geophones, Geo Space HS-1 (Figs. 8 and 9 ). The eigenfrequency of the geophones is 4.5 Hz, and the average sensitivity is 1.15 V/in/s. The corresponding calibration curve is presented in Fig. 10 , curve A. 
Terminal shell vibration and CPOs
Two capacitive pickups (called CPO-1 and CPO-2) are mounted on exactly opposite sides of the Pelletron tank to measure the electric field variations in the bandwidth up to 1 kHz. The signals can be displayed separately or after a hardware summing. If the terminal shell doesn't move but the terminal voltage changes, both CPOs show identical signals with the same phase. On the other hand, if the voltage is constant, phases of the CPO signals are determined by oscillation modes of the terminal shell. For a particular case, motion of the terminal shell along the line connecting the CPO axis results in a signal of the same amplitude but opposite phase. Analysis of the CPO signals may provide information about the terminal motion.
Beam position monitors
Analysis of the beam motion was performed with a system of capacitive pickups, referred to as BPMs (beam position monitors). The beam transport line included 19 pairs of BPM detectors. The measurements under discussion were made with a DC beam of 20-200 mA, which was slightly intensity modulated in the gun at a frequency of 32 kHz.
A BPM detector consists of two 5 cm split plate assemblies with an inner diameter of 2 inches. The four detector plates are connected with short lengths of coax to a four-channel low-noise charge preamplifier. The output of the preamplifier is connected to a digital signal receiver (DSR) VXI module, The DSR samples the BPM signal at 65 MHz and is de-modulated at 32 kHz to remove the small modulation frequency added to the electron beam to enable detection by the DSR. The signal is then passed through three hardware filters, two cascaded integrating comb filters, and a 256 tap FIR filter. These filters decimate the signal and reduce its bandwidth to 800 Hz. An on-board DSP processor (Analog Devices SHARC™ AD-21062) reads this data at a rate of 21.6 kHz.
Software running on the SHARC calculates the signal intensity for each plate and applies a difference over sum method for calculating the beam position.
where A and B are the plate intensities calculated from the square root of the sum of the squares of the I/Q signals for that plate. S and O are scale and offset terms determined by the physical construction of the BPM, and k is a calibration factor which accounts for small differences in signal path gain between A and B plates. The value of k is obtained from a calibration procedure which involves passing a known signal with a fixed A/B ratio through the pre-amplifier and DSR. The measured plate intensities are then used along with the known ratio to calculate a calibration constant for each BPM channel.
To detect oscillations at the Pelletron the BPM system was configured to calculate positions at a rate of 296.804 Hz. The system acquired 1024 data points for all installed BPM detectors and placed the data in a buffer. The buffered data was then extracted and stored for offline FFT analysis. This allows detection of frequencies up to ~150 Hz with the resolution 0.3 Hz.
Beam motion analysis
Analysis of data taken simultaneously at all BPMs allows calculation of the amplitudes, frequencies, and, to some extend, locations of the source of beam motions. Comparison of oscillations in low and high dispersion regions gives an estimation of the energy fluctuations. Measurements were done at an accelerating voltage of 3.5 MV and a DC beam current of 100 mA. The magnetic field in the cooling section solenoid was 75 Gauss. Neighboring BPMs in the cooling section were separated by 2036 mm. Distinguishing between beam-related and unrelated signals can be obtained from the spectra observed in the cooling section. Here the beam trajectory is given by a helix:
For any frequency, only 4 unknown values at the entrance of the cooling section determine 16 values at 8 BPMs. Thus, beam-driven signals at the BPMs must have a strong correlation with each other, assuming that all the sources of this beam motion are upstream of the cooling section. Observing spectra presented in Fig. 14 shows that only a few significant peaks appear at almost all BPMs. The most pronounced peaks are at 29.8 and ~60 Hz. More accurately, the second peak consists of two close, but independent peaks, located at 59.5 and 60 Hz, Fig. 13 . It is natural to suppose that the 59.5 Hz peak is a second harmonic of the 29.8 Hz oscillation, while the 60 Hz peak is a frequency of the power circuit.
All three peaks were fitted for consistency with the helix trajectory (4.1), and the errors were found smaller then 10% for all cases. This result shows that all 3 peaks relate to the beam motion. Together, they give ~40 -60 µm of the rms offset in the cooling section.
The spectra have also a 20 Hz peak that can be related to the chain transverse oscillations (see Section 5). However, the peak amplitudes are considerably lower than the main ones, and the noise doesn't allow for a detailed analysis. These three frequencies can be extracted from the initial row BPM signals, and the remaining signals could be checked on mutual correlations. The result is that the correlation coefficients of these remaining signals cannot be distinguished from their uncorrelated values. Thus, the beam-related signals are dominated by and mostly limited to the three peaks.
Location of oscillation sources
Some information can be extracted about sources of these oscillations. Namely, for every peak, the initial conditions at the entrance of the cooling section can be extracted. After that, these initial conditions can be back propagated along the optical structure, and the calculated results compared with the BPM data at these frequencies for the upstream BPMs. Significant deviations of the calculated and measured numbers, if seen at some BPM, would signal a source of the perturbation between this and the nearest downstream BPM. For any beam-related signal, the real and imaginary parts of the FFT can be analyzed separately. The results for 29.8, 59.5 and 60 Hz peaks are shown in Figs. 15a-f. For 29.8 and 59.5 Hz, all the measured points are seen to be in reasonable agreement with the simulations. Thus, the source of the beam motion for these frequencies is located somewhere upstream of BS1 BPM (3 rd from the left). For 60 Hz, the discrepancy between the measurements and calculations is significant. So, for this frequency, there is at least one more source of the perturbation between the cooling section and BS3 BPM. Altogether, these beam oscillations give ~ 20 µrad of rms angle in the cooling section, which is ~ 10 times smaller that the total tolerable angle. everal entioned: First, the agreement inside the cooling section and at the first BPM after that (Bx/yR1) is rather good. For this optics, there is no dispersion upstream of the 180°-bend (marked with blue rectangles by OptiM). BPM ByR1 is located just after the bend, where the vertical dispersion is 130 cm.
Energy fluctuation
Second, for all the plots of Fig. 16 , there is only one where the vertical (green) point of ByR1 deviates from the trajectory more than the error bar; namely, it is Fig. 16b , related to the imaginary part of the FFT for 29.8 Hz. This deviation sets an upper limit for S features deserve to be m the energy oscillation. A plot in Fig. 17 shows a time-domain signal for ByR1 at a equency band of 29.8±0.4 Hz. As is seen here, the maximal amplitude is ~ 20 micron. fr The bandwidth here is determined by the resolution of the FFT; however, the maximum amplitude is almost independent of the bandwidth. The discrepancy of ByR1 at Fig. 16b is about the signal value itself, ~20 micron. It sets the limit on the relative energy oscillation deviates significantly from the calculated tra mean that there are additional sources of perturbation d and BR2
Figs. 18a, and 18b, shows 3-5 Hz band-pass filtered ByR01 signal and FFT spectrum of the signal respectively, confirming estimations (4.2). The figures indicating the low-frequency oscillations in ByR01 signals have components in the range of 3-7 Hz. The 3.9 Hz harmonic can be explained as the deviations in the Pelletron energy caused by oscillation in the stabilizing feedback circuitry in which affects the terminal shell vibration, as shown in Section 6. From estimations with formula (2.3) for the dispersion value of 130 cm the amplitude of the Pelletron voltage deviations is ~100 V. This value corresponds to the upper limit given by (4.2). Comparison of the FFT spectrum with spectra plotted in Fig. 14 shows that the voltage deviations caused by the terminal shell motion are noticeable at significant dispersion regions but in the cooling section they have no affect on the beam motion.
Measurements of mechanical vibrations in the Pelletron terminal
As mentioned in Section 3, vibrations in the Pelletron terminal were measured by three types of sensors. A piezo vibration meter, velocimeters and geophones were used la ur tion mplitudes in various lo i rface ates l plane.
with detailed measurements made with the The piezo vibration meter meas tter only. ibra ements provided estimations of v a cations. Measured d splacements were about 10 µm at the su of the terminal separation box, 20 µm at the gun flange (marked 4 in Fig. 5 ), and 30 µm at the gun lens body (marked 3 in Fig. 5 ). The highest level of vibrations was found at the gun ion pump (5 in Fig. 5 ), 90-125 µm.
The next set of measurements was performed with two velocimeters located at the upper separation box (terminal). The velocimeters showed good resolution while measuring the background vibrations. Turning the shaft motor on increased the level of vibrations by two orders of magnitude, saturating the velocimeters. To avoid the saturation, spectra were taken with the attenuation of 10 and a frequency cutoff of 20 Hz (Fig. 19) . In the horizontal plane, a 30 Hz harmonic is the largest, with 20 and 40 Hz mplitudes more than 10 times lower. In the vertical plane, a 30 Hz harmonic domin a as well; its amplitude is approximately 5 times lower than in the horizonta The most detailed measurements of vibrations were done with geophones. In these measurements, the shaft was loaded by operating the solenoidal lenses in the separation boxes. Vibrations caused by the revolving shaft and by the running chain were The maximum displacement amplitude in the horizontal plane is about 8 µm. The main source of vibration was found to be the revolving shaft. The major component of resulting oscillations has a frequency of ≈ 30 Hz, which was identified as the motor revolution frequency (see Table 2 ); the second harmonic was observable as well.
The chains excited oscillations with frequencies of 4.46, 19.9, and 39.85 Hz (Fig.  22) . The latter two are close to the chain motor rotation frequency and its second harmonic. The 4.46 Hz component is most likely related to a transverse oscillation of the chains. The chain between sheaves can be modeled by a string clamped on its ends. In this case the lowest harmonic of the transverse oscillation of the chain is:
were v is the nominal chain speed, and l is the distance between sheaves (see Table 2 ). Detailed profiles of t w-frequency oscillations are plotted in Similar measurements were performed with the sensor assembly placed at the gun flange and at the top of the gun lens (marks 4 and 3 at Fig. 5 ). The maximum displacements were found equal to 6 µm and 9 µm, respectively (Figs. 24 and 25) . 
Terminal Shell Motion from Chains and Shaft
The two CPO monitors are located on opposite sides of the tank with the design intent of canceling out the terminal motion by summing the two. In practice, motions of the terminal shell caused by terminal vibrations are not always out of phase between CPO-1 and CPO-2 and, thus, are not cancelled in the sum signal. This is revealed in the time domain plots of Fig. 26, 28 and 29. The low frequencies in these plots are in phase at CPO-1 and CPO-2, yet they are due to motion, Fig. 26 , from only the chains and, mainly, from the running chains and the rotating shaft, Fig. 28 . These plots superimpose the result of applying narrow band filters to better reveal frequencies of in rest. Chain motion is observable specifically in Fig. 26 and 27, where the regulation loop and shaft are turned off. Also observable in the FFT of Fig. 27 is the chain motor revolution rate of 19.5 Hz and its second harmonic at 39 Hz. The motor is an 1150 RPM, 7.5 HP induction type, which explains the frequency just under 20 Hz. Their effect, owever, is negligible. Motion from the chains, itself, is calculated and observed at ≈ 4
The shaft motor is a 1760 RPM, 25 HP induction type responsible for the 29 Hz. Note that frequencies of terminal motion must not be inside the bandwidth of the regulation loop. Otherwise, these signals will result in the loop responding by applying a voltage to the terminal in an attempt to reduce them. In our case, there seems to be an undesirable effect from loop instability, although it may be at a level that is not significant. At DC, the loop should reduce, or eliminate, the effect of beam loading on the terminal, so it is not clear that turning off the loop is the right thing to do.
Discussion
Let us correlate the results from three set of measurements: mechanical vibrations, electric field at the tank surface (CPO signals), and beam oscillations.
Beam oscillations
One of major components of the beam oscillations spectrum, 29.8 Hz line, has, with precision of measurements, the same frequency as the shaft motor rotation; also, the beam analysis traces the origin of the component to the Pelletron. Taki g into account dge of n that the same frequency is found in the CPO spectra and in vibration measurements, the vibration is a possible source of excitation of the beam oscillations. It is difficult to calculate effect of vibrations on the beam displacements without an exact knowle the source. Also, optics simulations in the acceleration tube were not very reliable.
Approximately, the influence of the beam motion inside the Pelletron χ P on the beam motion inside the cooling section χ C can be estimated by a ratio of the corresponding beam radii:
(7.1) diameter of 7.6 mm, the corresponding amplification factor is 1.6. The maximum Assuming the beam diameter in the cooling section of 12 mm, and the cathode oscillation amplitude at this frequency found in the cooling section is ~ 50 microns. Therefore, the oscillations can be explained by vibrations with amplitude ~ 30 microns. The value is much higher than the measured values of vibration amplitudes at this frequency, 2 -9 µm (Figs. 20, 24, 25) and comparable with the estimation of the terminal shell vibration from CPO spectra. One possible explanation is that the vibration measurements were not made at the element, determining the beam oscillation amplitude. One can speculate that the gun cathode could be the element. As it was pointed out in Section 5, maximum amplitude of vibrations in the band of 8-100 Hz, measured with the piezo vibration meter, was found at the gun ion pump. The gun cathode is mounted on the opposite side of the gun flange with a comparable lever (Fig. 5) and might experience in similar vibrations. Latest measurements of the stray magnetic fields caused by operation the chains and shaft motors indicate very low level of the alternative magnetic field; the magnetomotive force is ~ 1.9 mG·m. Corresponding lower harmonic of the magnetic field has frequency of 60 Hz. Estimated bending angle for the accelerated beam is ≤ 15 ral times lower an the main peaks. This weak component, present in the CPO spectra, Fig. 27 , is unning chains, but with the revolving shaft (by operating the Pelletron) it en, Fig. 31 . This agrees with corresponding minimal displacement in the rmina correlated with the tation frequency of the chain motor.
ents, which have comparable or even larger values than e beam motion spectra, only the weak peaks are seen µrad. Therefore, lowering the While reassembling the Pelletron in its perman µrad and can't make any obstacle for electron cooling.
The line corresponding to the second harmonic of the shaft rotation frequency, 59.5 Hz, has similar strength in the BPM spectra and also was traced to the Pelletron. While the component with a similar frequency exists in the vibration spectra, there is no quantitative agreement as well. As it was mention above, the 60 Hz component of the beam motion seems to be not related to the Pelletron.
A 20 Hz line is clearly seen at most BPMs with amplitude seve th excited by the r not clearly se is te l vibration spectra (Fig. 20) . On the other hand, there are 20 Hz signals in the gun lens and the gun flange spectra (Figs. 24 and 25) , and the line can be ro Low frequency compon e 30 Hz ones, are not present in th th in places having significant dispersion, Fig. 18 . It is necessary to remember, that the vibration measurements were performed with the Pelletron tank open to atmosphere, while the CPO and beam motion spectra were taken with the tank filled with a dense heavy insulating gas (70 psi of SF 6 ). The gas may significantly damp some modes. For example, one can argue that the chain transverse oscillations, which can explain the 4.46 Hz frequency line in the vibration spectra (Fig. 22) , are dramatically suppressed in this dense media.
At the measured level, the electron beam oscillations are not considered a big concern. The r.m.s. value of the oscillations of 60 µm corresponds to 30 µrad contribution to the total angle budget of the electron beam, while the upper acceptable boundary for the budget is 200 vibration level is not critically important. ent location at the Recycler ring, in the MI-31 building, only one improvement is planned, namely, securing the gun ion pump with respect to the deck separation box to reduce its oscillation.
A feedback system for stabilization of the beam position in the cooling section in the bandwidth up to 100 Hz is under development. The system will adjust currents in the dipole correctors upstream of the cooling section using information from the cooling section BPMs. Along with its main purpose the system should significantly reduce other oscillations as well, such as, counteracting Main Injector fringe fields and possible 60 Hz power grid fields. 
Energy fluctuation

Summary
Three different types of measurements were performed. The beam motion was measured with the BPM system; variations of the electric field at the tank surface were recorded with capacitive pickups; and vibrations were recorded at several locations in the Pelletron terminal with the Pelletron tank filled with d nt frequency of 29.8 Hz, corresponding to the shaft rotation frequency, was found in all measurement sets. This correlation makes it very probable that a significant portion of the beam oscillations in the cooling section is caused by vibration of optics elements in the acceleration tube, though no direct quantitative agreement was found.
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